This paper aims to study a relative new technology, the online generation and application of ferrate(VI), for sewage treatment, from pilot to full scale trials at Hailsham North Wastewater Treatment Plant of Southern Water Ltd of UK. The work presented in this paper has significant impact on the use of ferrate(VI) in water and waste water treatment practice; the online production and application of ferrate(VI) resolves problems of the instability and needs no transportation. The current efficiency of ferrate(VI) generation was up to 70% through the developed system, which is relatively high. For achieving the same phosphorus removal target from the crude sewage, the ferrate dose required was in a very lower range, 0.01 -0.2 mg Fe 6+ /L in comparison with high doses of ferric sulphate; these will reduce the chemical demand and sludge production and therefore result in a low operating cost and generate substantial cost saving in treating sewage.
INTRODUCTION
The Water Framework Directives under European legislation require removing phosphorous (P) /reducing its concentrations in sewage treatment in order to reduce the risk of eutrophication (Environment Agency, 2009 ). Chemical precipitation is one of common practices to remove P as it enables to remove not only P, but also COD, BOD and most colloidal matter. As a result of the chemical precipitation by either iron chloride or iron sulphate, the amount of residual iron in the final effluent is also controlled. It is in the interest of UK water companies to look for alternative iron supplies for P removal as it has predicted that in a few years in the UK, the price of iron salts would increase and their availability could be jeopardised in the future (O'Connell, 2005) .
On the other hand, the superior performance of ferrate(VI) as an oxidant/ disinfectant and coagulant in water and wastewater treatment has been reported (e.g., Jiang et al., 2001; Jiang et al., 2002; Fan et al., 2002; Ma and Lui, 2002; Sharma, 2002; Jiang, 2003; Jiang and Wang, 2003; Qu et al., 2003; Sharma, 2004; Jiang et al., 2005; 2006a,b; Jiang, 2007; Jiang et al., 2007; Sharma, 2007; Lee et al., 2009; Graham et al., 2010; Jiang et al., 2012) . It has been shown that less ferrate iron doses are required to achieve the P removal which is also an improvement on the treated wastewater and sludge quality (Jiang et al. 2006a) . However, challenges have existed to the implementation of ferrate(VI) technology in water and wastewater treatment practice. Fe(VI) solutions are generally unstable; their decomposition by reduction to Fe(III) species occurs rapidly at room temperature. The instability may be retarded but not stopped at low temperatures or with careful control of solution concentrations. Hence, without steps of refrigeration or high purification, the solutions cannot be stored for use in practice. Solid ferrate(VI) salts are stable, but they are costly as they require multiple purifications and long synthesis time. This makes it difficult to be used in industry. In order to solve the problems of instability and the high cost of using ferrate(VI), it would be an ideal approach to generate ferrate in situ and apply the generated ferrate(VI) directly for wastewater treatment (Jiang et al., 2009; Stanford et al., 2010) . This paper presents the results of applying online and electrochemically generated ferrate(VI) to treat domestic sewage, from pilot to full scale trials at Hailsham North Wastewater Treatment Plant of Southern Water Ltd of UK. The results compare the efficiency of ferrate(VI) vs. ferric irons in terms of the removal of P, solids and organic matters.
METHODS
The pilot reactor system was the same as previously reported (Jiang et al., 2009) . Briefly, it consists of two major components: 1) The ferrate(VI) production component includes the alkali tank; the chemical transfer pump; the electrochemical reactor; the power supply; the ferrate(VI) product tank; the chemical dosing pump and the control box, and 2) The treatment part includes the submerged pump situated in the influent channel; hose; artificial channel where the ferrate was dosed and the exit hose that goes back to the main wastewater flow channel.
In order to carry out continuously full scale trials, from August 2010, the pilot reactor was upgraded to enable it to work automatically without any need to manually intervene. For this, several sensors were installed to control liquid levels in the raw material storage tank, in the reactor and the bund below the reactor. The control panel was modified to prevent any power from being delivered to the electrodes if the fluid level is too low and to stop pumping raw materials from the storage to the reactor if the level is too high. A time period controller was installed to limit the reactor to run 30 minutes and to reset ready for the next reaction cycle and the overflow control was modified. Finally, the system was upgraded to provide automatic control of the raw material transfer pump, reactor feed, reactor outlet valve, level controls within the day storage tank, and ferrate dosing rate from the day tank to the sewage channel.
The ferrate(VI) production time was 30 min per each preparation. The resulting ferrate(VI) was measured using an established spectroscopy method where the absorbance of the ferrate(VI) solution was measured at 505 nm and the absorbance was converted to the concentration using an absorption coefficient of 1100 M -1 cm -1
. The ferrate(VI) dosing flow rate was determined based on the desired dose and the ferrate(VI) concentration measured. Samples after ferrate(VI) dosing and mixing were collected and sent to Eurofins Laboratory of Southern Water for analysing concentrations of suspended solids (SS), chemical oxygen demand (COD), biochemical oxygen demand (BOD), total phosphorus (P), pH and residual Fe.
RESULTS AND DISCUSSION

Pilot plant study
The pilot plant's ferrate(VI) production efficiency was studied for several batches using the previously established optimum current density, 36 A/m 2 . Table 1 shows examples of the current efficiency of ferrate(VI) generation with the resulting ferrate(VI) concentrations, which were used to calculate the ferrate(VI) dose volume. On average, the current efficiency was 43%. An average energy consumption of 0.2 kWh per gram of Fe 6+ produced was observed (Table 1) . 
Ferrate(VI) production efficiency in full scale trials
In order to achieve the highest current efficiency in full-scale trials, acid clean of anodes were conducted when the anodic passivation inhabited the current to pass through and therefore lowered the ferrate(VI) production. The acid clean was done just before starting runs of the trials. For this purpose, 5% (w/w) phosphoric acid was poured into the reactor and left overnight. Phosphoric acid is a weak acid which does not "attack" the electrodes but etches the steel surface only. After a contact time between 12 and 15h, the reactor was emptied and the electrodes checked. The current efficiency usually reaches above 60% after such cleaning.
Two adjustments were made before working on automatic running. First, the timers were used instead of using the level controller to control the transformation of raw chemical from the storage to the reactor and to keep discharge valve from reactor to storage tank open. Secondly, two stainless steel electrodes were used to replace a low level sensor in order to trigger a new batch running. The level sensor in the ferrate(VI) storage tank stopped detecting a low level of ferrate(VI) hence did not trigger a new batch. This was due to the sensor being inefficient as once the low level was detected, ferrate(VI) drops remained stuck on the sensor and prevented the return to the float position. As a result the sequences of signals would not operate correctly. Two stainless steel electrodes let an electrical current circulate from one to another. When the electrode is dry (low ferrate level), the current stops circulating and the new batch is triggered.
The modifications allowed the ferrate(VI) reactor operated automatically for continuous 24 hours runs. The ferrate(VI) concentrations were measured regularly and are displayed in Figure 1 . As can be seen in Figure 1 , the current efficiency decreased progressively from 60-65% to 35-45% as a resistant layer would form on the surface (ferric oxide and magnetite). Cleaning the electrodes by phosphoric acid enabled the current efficiency coming back up to 70% which is a very high performance for this kind of process. Corresponding to such high current efficiency, ferrate(VI) concentration could reach to 538 mg Fe(VI) per litre, which is higher than that gained from the pilotscale production trials.
The wastewater treatment performance by ferrate(VI) in full scale trials
Through a preliminary trial, the ferrate(VI) dose of 0.16 mg Fe 6+ l -1 was approved to be effective to reduce concentrations of P, COD, BOD and SS and thus this dose was used to run the full scale trials. Although the ferrate(VI) production efficiency and the product concentrations varied, the constant dose was maintained by adjusting the ferrate (VI) dosing volume through a dose pump. ), ferrate (VI) can achieve, in average removals, 64% of SS, 44% of phosphate, 46% of COD, and 40% of BOD when pH was above 9. The comparative performance of ferrate(VI) and ferric sulphate shows that the ferrate(VI) dose of 0.16 mg Fe 6+ l -1 can achieve the similar performance as ferric sulphate could achieve at relatively a high dose (25 mg Fe 
Discussion
Both pilot-and full-scale trials showed that the dose of iron was approximately 100 times less when using Fe(VI) as compared to Fe(III) to achieve a similar sewage treatment performance. Such a large difference could be partly attributed to the high oxidation capacity of ferrate(VI) (see Equations 1 and 2, Jiang et al., 2002) .
Therefore, very low doses of ferrate(VI) can perform superior degradation on various organic matter and microorganisms, and this is evident of the equivalent COD and BOD removal in comparison with that achieved by ferric sulphate at high doses, this was observed in both pilot-and full scale trials. The outstanding performance in the reduction of COD with ferrate(VI) is also consistent with previous studies, where, a range of organic contaminants have been shown to be readily oxidised by ferrate (VI) (Jiang, 2007) .
High re-dox potential alone could not explain why ferrate(VI) at a very low dose (0.02 mg/L as Fe) can achieve the similar removal efficiency as achieved by ferric sulphate at a high dose, e.g., 25 mg/L as Fe. There must be other reasons behind such phenomena. First, oxidation by ferrate(VI) could change the surface property of suspended solids and phosphate making them readily removable through coagulation and precipitation. Secondly, the byproducts of the ferrate(VI) oxidation are ferric ion or ferric hydroxide (see Equations 1 and 2) which are basic coagulant resources. Therefore, ferrate(VI) can also perform coagulation after it degrades organic matter and microorganisms.
Another advantage of using online generated ferrate(VI) is that very low dose of ferrate(VI) generates much less volume and mass of the sludge in comparison with that from high dose of ferric salts. A previous study had demonstrated that even for the similar dose of ferrate(VI) and ferric(III), the sludge production from ferrate(VI) was less than that from ferric(III) (Jiang et al., 2006b) . This is an extra benefit for the use of ferrate(VI) in full scale wastewater treatment in terms of reducing the cost for sludge handling.
CONCLUSIONS
In the foregoing, the pilot-and full-scale trials demonstrated the feasibility of the online generation and application of ferrate(VI) for sewage treatment. The current efficiency of the online ferrate(VI) generation system was up to 70% under the study conditions, which is relatively high. For achieving the same phosphorus removal target from the crude sewage, the ferrate dose required was in a very lower range, 0.01 -0.2 mg Fe
